Residential coal combustion for cooking and heating purposes has been identified as a major source of fine particle mass emissions, and particulate polycyclic aromatic hydrocarbons (PAHs). PAHs have potential human health implications and this has motivated studies and analyses of these compounds. This paper investigates PAH emissions from household coal fires prepared using the Basa njengo Magogo (top-lit updraft) and the traditional (bottom-lit updraft) fire lighting methods. The two different fire lighting methods were compared in imbawulas/braziers with three different ventilation rates (i.e. high, medium, and low). A novel, miniature denuder developed and tested at the University of Pretoria was used to monitor PAH emissions from the fires. The denuder consists of two silicone rubber traps in series separated by a quartz fibre filter. The denuders were positioned 1 m away from the fire and were connected to pumps that sampled ~5 litres of air over a 10 min sampling interval. Monitoring of PAH compounds was limited only to the ignition phase. Changes in combustion conditions appeared to have a marked effect on the PAH emissions. Samples collected when employing the traditional fire lighting method contained higher concentrations of polycyclic aromatic hydrocarbons. The Basa njengo Magogo method in a well-ventilated imbawula proved to be more efficient with lower concentrations of PAHs detected. The PAHs which were detected were primarily naphthalene, fluorene and phenanthrene.
INTRODUCTION
Coal is still a survival commodity for the majority of low income urban households in South Africa and other developing countries and it will continue to be a dominant source of energy into the foreseeable future [1] . In many developing countries, such as South Africa, China and India, coal is used as a primary source of energy for generation of electricity, industrialisation and enhancement of standard of living for the increasing populations. In South Africa, although the majority of coal is used for electricity generation, high levels of household coal use have been reported in the Highveld interior in areas close to coal mines [2] . Residential coal combustion for cooking and heating purposes has been identified as a major source of fine particle mass emissions, polycyclic aromatic hydrocarbons (PAHs) and gaseous pollutants such as volatile organic compounds (VOCs), throughout the developing world [1] .
Polycyclic aromatic hydrocarbons are ubiquitous environmental contaminants with potential environmental persistence, toxicity, bioaccumulation and human health effects [3, 4] . Once released into the atmosphere, PAHs are subject to transport and transformation processes. The gas-particle partitioning of PAHs plays a key role in their global atmospheric distribution and long-range transport (LRT) potential [4] . Understanding of organic carbon (OC) is complicated by the volatility and semi-volatility of many organic compounds as they tend to change phase readily depending upon atmospheric conditions (e.g. ambient temperature) [5] . Furthermore, commonly used measurement techniques tend to alter the true ratio of particle-bound to gas-phase OC, potentially leading to substantial sampling artefacts [5] . As a result, several approaches have been employed, which use a diffusionbased denuder for semi-volatile organic compounds (SVOCs) prior to the collection of particles.
Over the last twenty years, the denuder filter sampling method [3] has grown in popularity and has proved to be effective in providing accurate measurements of the gasparticle distribution of semi-volatile organic compounds [6] . The use of denuders has mainly been confined to nonpolar species (such as polycyclic aromatic hydrocarbons) as the denuders are usually coated with a nonpolar XAD-4 resin [6] . During the last three decades, diffusion denuder techniques have been employed to eliminate artefacts during ambient particulate sampling [7] . To date the most successful denuder systems for the removal of gas-phase organic compounds include the Brigham Young University organic sampling system (BOSS) [8] , the integrated organic vapour-particle sampler (IOVPS) [9] , and the larger integrated organic gas and particulate sampler (IOGAPS) [10, 11] . Most denuder systems in use today are variants of these.
A novel miniature denuder has been developed and tested at the University of Pretoria, Chemistry Department to investigate the gas-particle partitioning behaviour of airborne SVOCs [3] . In light of the above, this paper aims to investigate PAH emissions from a simulation of realworld conditions of domestic coal-burning braziers, using the miniature denuders. Polycyclic aromatic hydrocarbons from domestic coal combustion were characterised by means of comprehensive gas chromatography with mass spectrometric detection.
LIMITATIONS OF STUDY
The research is limited to uncontrolled environments and the experiments were carried out in an open environment prone to wind drafts. Drafts are known to affect the combustion efficiency of a fuel/stove combination and also effect the dispersion of emissions and therefore the sampling efficiency. No efforts were made to repeat the same experiments under controlled environments. The idea behind these experiments was to simulate real-life use scenarios of the heating devices and to monitor what users may be exposed to during the ignition phase, which is normally characterized by high smoke emissions. Monitoring of PAH emissions was carried out during the ignition phase only, which is for the first ten minutes after ignition-no attempt was made to characterise emissions across an entire burn cycle. Results presented herein are considered illustrative and indicative of possible PAH pollutant emissions from coal combustion in selected braziers. Because the experiments were uncontrolled, it was not intended to calculate emission factors for individual PAH compounds; instead peak areas of each compound are reported. Extensive tests comparing the laboratory evaluations with field-based tests is an important future task, but not within the scope of this paper.
MATERIALS AND METHODOLOGY

COMBUSTION DEVICES
Fires were made in representative artisan-manufactured braziers, commonly known as imbawulas, purchased from users in residential areas of Johannesburg ( Figure 1 ). Ventilation rates affect the overall performance of the stove and these rates differ significantly from one device to the other. In order to realistically evaluate and compare the performance of two or more imbawulas, ventilation rates need to be specified. The different ventilation rates for the three cooking devices used in the experiments are given in Table 1 . The bottom-lit up-draft is the conventional/traditional way of lighting a coal fire, with the order of laying the fire proceeding as follows: paper, wood, ignition, after which coal is added at an appropriate time after the wood fire is established. As such, 1 000 g of coal were placed on to a grate at the bottom of the brazier followed by 36 g of rolled paper and 360 g of pine wood chips. After ignition, about 2 000 g of coal was added on top of the already burning kindling.
In the BnM, the order of laying the fire is reversed -first coal, paper, and then wood, with a few lumps of coal added at an appropriate time after the fire has been lit. In our experiments, 2 000 g of coal was added to the bottom of the brazier onto a fuel grate and 36 g of paper and 360 g of kindling were added. After lighting the kindling, about 1 000 g of coal was added to the brazier above the kindling.
FILTER PREPARATION
6 mm quartz fibre filter punches were prepared and then placed in a vial to which methanol was added and swirled for one minute before being decanted. The same procedure was repeated with dichloromethane. The cleaned filter punches were then placed in an oven to dry for 30 min at 100°C and were then stored in a desiccator.
EXPERIMENTAL SET-UP
In all cases, sampling started about 2 min after ignition. The sampler location was 1 m from the combustion device, in the stream of effluent gases. Air samples were taken by means of a portable sampling pump at a flow rate of 0.5 L.min-1 ( Figure 2 ). Gas phase organic emissions were sampled for 10 min onto three polydimethyl-siloxane (PDMS) multi-channel rubber traps [3] in series (primary and secondary traps, respectively), starting 2 min after ignition. These samples were taken in addition to denuder samples. Figure 3 shows a schematic of the multichannel silicone rubber traps and quartz fibre filter employed in the denuder configuration. Teflon tubing connections were used in each case to avoid contamination of the sample by leaching organics into the denuder system. After sampling, the traps were end-capped and wrapped in aluminium foil. Samples were then refrigerated prior to analysis by comprehensive two-dimensional gas chromatography with time-of-flight mass spectrometric detection. 2.5 ANALYSIS The analysis was carried out according to methods described by Forbes [12] . Comprehensive two-dimensional gas chromatography with time-of-flight mass spectrometric detection (Leco Pegasus 4D GCxGC-TOFMS equipped with an Agilent 6890 GC) was employed in the analysis of thermally desorbed (Gerstel 3 TDS) filter samples (particle associated organic emissions) and silicone rubber traps (gas phase organic emissions). The primary column was a 30 m RTx 5SilMS (0.25 mm id; 0.25 m film thickness) and the secondary column was a 1. 
RESULTS AND DISCUSSION
Much visible smoke was produced from the fire using the traditional method compared to the BnM fire lighting method. Figure 4 shows relative peak areas of gas phase PAH emissions from the BnM method using a high ventilation imbawula ( Figure 1a) ; naphthalene, fluorene and phenanthrene appear to be predominant PAHs from the BnM fire lighting method. Naphthalene had the highest peak area, followed by phenanthrene and fluorene with almost identical peak areas. 
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Emissions of PAHs from a low ventilation case imbawula showed a different profile compared to the high ventilation case for both fire lighting methods. The dominant PAH compounds detected when employing the traditional fire lighting method in a poorly ventilated brazier appeared to be fluorene, naphthalene and fluoranthene ( Figure 6 ). It should be noted that peak areas of the identified PAH compounds increased with a change in the fire lighting method (i.e. BnM to traditional) and a shift from using a highly ventilated brazier to a poorly ventilated brazier. Low ventilation rates result in poor combustion efficiency which leads to high emissions of products of incomplete combustion. To best show the differences between the emissions from the two lighting methods bubble plots are employed as chemical fingerprints. For example, Figure 7 shows a bubble plot depicting accumulated PAH emissions on primary traps when employing the two lighting methods in a well-ventilated imbawula. Figure 8 shows a bubble plot that compares the different lighting methods and ventilation rates. The figures indicate that the BnM fire lighting method is more efficient than the traditional method when using the same combustion device with similar ventilation rates. The traditional lighting method in a poorly ventilated brazier appeared to be the least efficient and produces relatively high levels of polycyclic aromatic hydrocarbon emissions including heavier PAHs (containing many aromatic rings), which are generally more toxic (Figure 8 ). Based on these results, it can be asserted that the BnM method may hold potential to reduce emissions of polycyclic aromatic hydrocarbons (PAHs) from coal combustion compared to the traditional lighting method. 
IMPLICATIONS
These preliminary results can be useful to organisations responsible for improving local ambient air quality in priority areas and governmental campaigns on the role-out of the BnM fire lighting method. In past campaigns, focus was placed only on the fire lighting method and no attempt was made to highlight the importance of ventilation rates on the combustion efficiency of the braziers. In many instances, the BnM lighting method was not readily adopted by households as the emission reduction claims by campaign leaders and community champions could not be readily substantiated. The method was often demonstrated in poorly ventilated braziers resulting in elevated smoke emissions, in some cases far worse compared to the traditional fire lighting method. Our thesis is that the BnM fire lighting method coupled with an optimised wellventilated brazier results in improved combustion efficiency and reduced particle (visible smoke) emissions.
CONCLUSION
The results reported here should be taken as indicative, as they are only meant to illustrate of PAH emissions during the ignition phase of coal combustion in braziers with various ventilation rates. Further controlled experiments are required to fully understand the impacts and contribution of each monitored parameter (i.e. fire lighting method and ventilation rate) on the resulting emissions and possibly calculation of related emission factors. The results do, however, show that changes in combustion conditions, due to improved ventilation and fire lighting methods, appear to have a marked effect on the PAH emissions.
The BnM method of lighting a fire appeared to provide more optimised combustion conditions and produced a lower proportion of PAHs which arise from incomplete combustion, compared to the traditional method. This is in agreement with visual observations of lower smoke production from BnM fires and thus the governmental campaign to promote this method of combustion in South Africa appears to be justified.
We have also shown that it is advisable to have a large hole area in a brazier to improve ventilation rates and consequently the combustion efficiency. High ventilation rates coupled with the BnM fire lighting method holds a potential to reduce polycyclic aromatic hydrocarbon emissions. The method is a low cost option as it does not require changes in the fuel or corresponding devices used but a change in user behaviour.
Although the Basa njengo Magogo fire lighting method performs better than the traditional fire lighting method, the method still produces substantial amounts of products of incomplete combustion. As such, the method does not solve the real problems (i.e. exposure to particulates and associated health risks) faced by the users. As a recommendation, there is need for an efficient and less polluting coal-burning device to replace these inefficient braziers.
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